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Abstract:  
DNA-based genetic techniques can be used to identify individuals in wild populations 
whose ancestry is uncertain. The massasauga rattlesnake is a small rattlesnake found from central 
New York to southeastern Arizona. It is currently described as consisting of three subspecies: the 
eastern massasauga (Sistrurus catenatus catenatus), the western massasauga (Sistrurus c. 
tergeminus) and the desert massasauga (Sistrurus c. edwardsii). Due to morphological 
similarities between eastern and western massasaugas in north central Missouri (where the range 
of S. c. catenatus meets that of S. c. tergeminus), there is debate over the species identity of 
individuals in this population and the possibility that it is a hybrid population has been suggested. 
Here, I use microsatellite DNA from western and eastern massasaugas to determine the species 
identity of a central Missouri population. To do this, I used a combination of clustering analysis 
and distance-based phylogenetic analysis to determine the relationships among the western, 
eastern, and central Missouri populations. Cluster-based analysis using the program Structure 
showed that the central Missouri population clustered strongly with the western (tergeminus) 
populations. Distance-based phylogenetic analysis of populations also grouped the Missouri 
population with western populations and analysis of all individuals grouped the central Missouri 
individuals together with the western individuals. These results show that the western 
massasauga and central Missouri population are genetically similar, and both are highly 
differentiated from eastern massasauga populations. Therefore this data strongly suggests that the 
central Missouri population is Sistrurus c. tergeminus. This has the implications that one of the 
criteria for special protection status of this population has been removed and that the range of S. 
c. catenatus does not extend west of the Mississippi River which supports the possibility that the 
Mississippi River acts as a phylogeographical barrier for massasauga rattlesnakes. 
 
Introduction: 
Natural hybridization is an enduring subject that evolutionary biologists have discussed 
extensively (Barton 2001, Mayr 1963, Arnold 1997). Evolutionary biologists focused much of 
their early hybridization research towards plants. Many argued that hybridization in plants was 
relatively widespread and that hybridization could support speciation (Grant 1971, Stebbins 
1959, Anderson 1948, 1949, Rieseberg 1997, and Arnold 1996). The role of hybridization in the 
evolution of animal speciation traditionally has been disregarded as mostly insignificant except 
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in that it creates barriers to cross-species breeding (Dobzhansky 1937, Mayr 1963). More 
recently, research in animal hybridization has begun to gain momentum. Mallet (2005) suggested 
that evidence of hybridization exists in ten percent of known animal species. Evidence for animal 
hybridization has been cited in a variety of animal taxa from corals (Bette et al. 2006), to insects 
(Noor 2000, Carson et al. 1975, Post 1984, Della et al. 1997), fish (Crespin et al. 1999, Nielsen 
et al. 2003, Nolte et al. 2006), birds (Mank el al. 2004, Rohwer 2001, Saetre 2001) and 
mammals (Lehman et al. 1991, Lancaster et al. 2006, Schwartz et al. 2004, Trigo et al. 2008). 
Though there appears to be less documentation of hybridization in reptiles, some examples have 
been described (Seminoff et al. 2003, Cook 1955, Campbell et al. 1989).  
Most of the claims of hybridization in reptiles (except Seminoff et al. 2003) are based on 
morphological similarities between the hybrid and both parental species. Mallet (2005) explains 
that describing a hybrid population based on morphological traits is difficult due to the 
possibility of polymorphisms in colors or patterns which can give rise to a pure strain species 
with the morphological appearance of a hybrid. This is especially problematic for isolated 
populations since variations in alleles due to chance mutation are more likely to go to fixation. 
Using morphology to determine a hybrid is further complicated when the hybrid backcrosses 
with an original parental species (as is common with naturally occurring hybrid populations). 
This can make the morphological differentiation of hybrids from parental species nearly 
impossible (Mallet 2005).  
Due to the difficulties of identifying species based on taxonomy, biologists recently have 
turned to genetic techniques to determine the identity of hybrid populations. Genetic analysis 
allows a biologist to look beyond phenotypic characteristics that are under the pressure of natural 
selection (and thus cause polymorphisms within the species that can be confused for signs of a 
hybrid population). Some genetic techniques, such as assays of microsatellite DNA, use non-
coding DNA that mutates at a steady background rate. This allows scientists to quantify degrees 
of relatedness among individuals or populations without concern about polymorphisms that are 
affected by natural selection. This also gives scientists the ability to infer the ancestral history of 
an individual or population since their DNA was passed down to them from previous generations 
(Beebee and Rowe 2004). One example of a commonly used genetic marker for such analyses is 
microsatellite DNA loci. Microsatellites are genetic loci that consist of variable number tandem 
repeats that range in size from 2-6 base pairs (Freeman and Herron 1998). Since microsatellites 
Page 4 
are stretches of non-coding DNA that do not convey a phenotype, they are considered neutral 
markers (Freeland 2005). This makes microsatellites ideal for genetic analysis since they are not 
affected by natural selection or environmental changes.  
An example of a possible natural hybridization event occurs in a population of 
massasauga rattlesnakes (Sistrurus catenatus) in Pershing State Park in north central Missouri. 
Massasaugas are a small species of rattlesnake (20-24 inches) that ranges from central New York 
to southeastern Arizona and the Gulf Coast of Texas. Three sub species of massasaugas exist: the 
eastern massasauga (S. c. catenatus), the western massasauga (Sistrurus c. tergeminus) and the 
desert massasauga (S. c. edwardsii) (Szymanski 1998). Massasaugas are highly localized in their 
habitat preferences: S. c. catenatus prefers environments in or adjacent to wetlands, S. c. 
tergeminus prefers drier prairie habitats (Stebbins 1966) while S. c. edwardsii prefers shortgrass 
prairies containing sand sage (Artemesia filifolia), buffalograss (Buchloe dactyloides) and blue 
grama (Bouteloua gracilis) (Mackessy et al. 2005). Populations of S. c. catenatus are highly 
fragmented due to urbanization and agriculture. Gibbs et al. (1997) found significant FST 
 Evans and Gloyd (1948) argued that the Pershing population consisted of individuals 
which are hybrids between S. c. catenatus and S. c. tergeminus. They studied morphological 
traits such as variation in numbers of dorsal blotches on the body, number of ventrals, and 
“general coloration” for thirty five massasaugas. Evans and Gloyd also relied heavily on a 
subjective interpretation of the dorsal pattern on the head of massasaugas. They reported that the 
massasaugas from north-central Missouri had a head dorsal pattern that was a mix between that 
of S. c. catenatus and S. c. tergeminus. To complicate the study, Evans and Gloyd stated that 
there existed a possibility of erroneous locality records. 
values 
among all sampled populations of S. c. catenatus, thus showing that these populations exhibit 
high levels of genetic differentiation. This is most likely due to the fragmentation and isolation of 
the S. c. catenatus populations combined with their small population sizes. S. c. catenatus is a 
candidate to be placed on the federal endangered species list (Moser 2006) and is afforded state-
level endangered species protection across its entire range. 
 Evans and Gloyd’s 1948 classification of the Pershing population as a hybrid population 
did not last as this population is currently described as S. c. catenatus. This classification is based 
on a gradual change in morphology between S. c. catenatus and S. c. tergeminus described in 
Szymanski (1998). Due to this classification, the Pershing population has been afforded 
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endangered species status by the state of Missouri since 1974 (Johnson and Figg 1993). To add 
confusion to the Pershing population’s species identity debate, Kubatko and Gibbs (unpublished 
data) suggested that this population’s identity should be S. c. tergeminus based on ongoing 
phylogenetic analyses of DNA sequence data.  
Due to this dispute over the population’s identity, I decided to investigate the genetic 
identity of these massasauga rattlesnakes in Missouri by using microsatellite DNA. 
Microsatellites have been used in previous studies of snake population genetics by Bushar et al. 
(1998) and Clark et al. (2008) on timber rattlesnakes (Crotalus horridus) and Lougheed et al. 
(1999) on black ratsnakes (Pantherophis alleghaniensis). Gibbs et al. (1997) conducted the only 
detailed population genetic study on S. c. catenatus. They used six microsatellite loci to estimate 
genetic differentiation of several populations of Sistrurus c. catenatus in Ohio, New York, and 
Ontario. Advancements in genetic analysis since the Gibbs et al. (1997) study (such as 
automated microsatellite sequencing and microsatellite primer multiplexing) provide the 
possibility of collecting larger amounts of genetic data more efficiently. In addition, more 
powerful analysis methods (such as the Bayesian statistical analysis program STRUCTURE 
(Pritchard et al. 2000) and the phylogenetic suite of programs PHYLIP (Felsenstein 1993)) give 
evolutionary biologists powerful new tools to analyze microsatellite data.  
Several studies specifically have used microsatellite data and the program STRUCTURE 
to analyze for the possibility of hybrid species (Trigo et al. 2008, Lancaster et al. 2006, Nielsen 
2003). Here, I used microsatellite DNA to investigate the genetic identity of the Pershing 
population of massasauga rattlesnakes. Based on earlier unpublished work done by Kubatko and 
Gibbs as well as Pershing State Park’s geographic proximity to S. c. tergeminus populations, I 
predicted that I would identify the Pershing population of massasauga rattlesnakes as S. c. 
tergeminus. 
 
Methods: 
Sample locations and sampling techniques: 
I obtained DNA from 166 blood samples taken from the caudal vein of massasaugas 
captured from eight populations. I used known S. c. tergeminus blood samples collected from 
three populations in Kansas: Cheyenne Bottoms (n=20); Ellsworth county (n=11); Russell 
county (n=15); and one population in Missouri: Squaw Creek National Wildlife Refuge (n=34). I 
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used samples of S. c. catenatus from one population in Illinois: South Shore State Park (n=18); 
and two populations in Ohio: Killdeer Plains (n=25); and Clark County (n=21). The potential 
hybrid population from north-central Missouri is located in Pershing State Park (n=21) (Figure 
1). All individuals were PIT-tagged to identify those caught multiple times. Blood samples were 
stored in lysis buffer and kept frozen at -20°C.  
 
Data collection techniques: 
I extracted DNA from blood samples using a phenol-chloroform protocol (Sambrook et 
al. 1989). DNA was stored in TE buffer after extraction and kept frozen at -20°C. I used 
microsatellite primers, loci, and PCR solutions and parameters developed by Anderson el al. (in 
prep) for S. c. catenatus to amplify the microsatellites. I found that seventeen of the nineteen 
primers described by Anderson et al. also amplified microsatellite loci in S.  c. tergeminus and I 
used these loci for the project. I made two changes to the PCR parameters described by 
Anderson et al in order to amplify S. c. tergeminus microsatellites: I ran Sca210 and Sca211 at 
an annealing temperature of 55°C and I doubled the volume of PCR solution for sequencer 
analysis of Sca217 and Sca218 to 4.0µL. I ran the PCRs on an ABI 3100 genetic analyzer and 
the program GeneMapper v3.7 (GeneMapper 2005) analyzed the data. I checked each 
microsatellite individually to ensure correct size calling of the alleles. I compiled this data into a 
spreadsheet and used the program CREATE (Coombs et. al. 2008) to reformat the data into the 
correct format for each analytical program. Finally, I checked all microsatellite data for errors 
using MICROSATELLITE ANALYZER (MSA) to further verify the integrity of the compiled 
data set. (Dieringer and Schlötterer 2003).  
 
Data Analysis: 
I used two methods to evaluate the identity of the unknown central Missouri population. 
First, I used STRUCTURE (Pritchard et. al. 2000), a cluster-based analysis program which uses 
a Bayesian approach to infer the percent of each individual’s genome to a given cluster. I 
analyzed 166 individuals at K=2 populations with a burn in period of 100,000 repetitions 
followed by 1,000,000 Markov chain Monte Carlo (MCMC) repetitions from which the data was 
generated. I used the admixture model with correlated allele frequencies and calculated the 95% 
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probability intervals. I used the ln probability graph to insure the statistical analysis had run  
enough repetitions. Each run for a given K was repeated five times to ensure reliability of results. 
Second, I preformed a distance-based phylogenetic analysis. I used MSA to calculate 
pairwise estimates of Nei’s genetic distance both among individuals (n=166) and among the 
following three population groups: known S. c. catenatus, known S. c. tergeminus, and the 
unknown Pershing population. I used three programs from the PHYLIP suite (Felsenstein 1993) 
to create distance trees. FITCH created a distance tree via the Fitch-Margoliash method (Fitch 
and Margoliash 1967) for all 166 individuals and NEIGHBOR created 1000 neighbor-joining 
distance trees (Saitou and Nei 1987) from the bootstrapped population distance matrix. The 
bootstrapped trees were run through CONSENSE to find a majority consensus tree. I used 
FigTree (Rambaut 2007) to graphically display both trees. In addition to these analyses, I used 
MSA to create pairwise FST
 
 values to tell us the degree of genetic differentiation between each 
population. 
Results: 
Both S. c. catenatus and S. c. tergeminus show evidence for genetic structure among 
populations within the species; however, the levels of genetic differentiation among the S. c. 
catenatus populations are greater than the level of genetic differentiation among populations of 
S. c. tergeminus. The average FST value between S. c. tergeminus populations and the Pershing 
population was 0.07 and for S. c. catenatus to the Pershing population was 0.23 (Table 2). 
However, when I a priori limit structure to only two distinct clusters, STRUCTURE clearly 
places the four known S. c. tergeminus populations (Cheyenne Bottoms, Ellsworth county, 
Russell county, and Squaw Creek National Wildlife Refuge) into cluster one and the three 
known S. c. catenatus populations (South Shore State Park, Killdeer, and Clark County) into 
cluster two  (Figure 2). Individuals from the Pershing population cluster strongly with the S. c. 
tergeminus and have a mean q1 value (the average value of the proportion of an individual’s 
genome assigned to cluster 1) of 0.976 (0.877-1.000 95% P.I.) (Table 1). A note of special 
interest is the single individual in the Pershing population that has a q1 value of 0.711 (0.442, 
1.000 95%P.I.). The STRUCTURE results were consistent across five iterations with nearly 
identical average q-values and 95% probability intervals. The ln likelihood plot for all five trials 
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quickly went to fixation and remained fixed for the entire run (Figure 3). This shows a high 
degree of confidence that STRUCTURE was run for enough MCMC repetitions. 
The distance tree of all 166 individuals distinctly separated the S. c. tergeminus 
individuals from the S. c. catenatus individuals. The tree groups individuals from Pershing, 
Missouri with S. c. tergeminus, even interspersing some of the known S. c. tergeminus 
individuals among the Pershing individuals (Figure 4). Based on bootstrap analyses, the neighbor 
joining majority consensus tree grouped the Pershing population with S. c. tergeminus 1000 out 
of 1000 times (Figure 5). As with the Structure analysis, there was one individual from the 
Pershing population that was placed between the Pershing population and the S. c. catenatus 
populations. This is the same individual which was given a q1 value of 0.711 by STRUCTURE. 
 
Discussion: 
Interpretation of Results:  
Results from both cluster based analysis and phylogenetic distance-based analysis 
showed that the Pershing population of massasauga rattlesnakes grouped strongly with the 
known S. c. tergeminus populations. Cluster based analysis assigned the Pershing population a 
mean probability value of q1=0.976. If one assumes a q-value of 0.9 as the threshold to 
distinguish pure strain species from hybrid individuals (Lancaster et al. 2006; Vähä & Primmer 
2006; Oliveira et al. 2008; Trigo et al. 2008), then the Pershing population should be considered 
a pure strain species. 
Phylogenetic distance-based analyses grouped the Pershing population with known S. c. 
tergeminus for all 1000 bootstrapped neighbor joining trees. This illustrates a high degree of 
confidence in the distance matrix and lends to the credibility of its results. The distance tree 
consisting of all 166 sampled individuals also grouped the Pershing individuals with known S. c. 
tergeminus individuals and even interspersed some individuals from known S. c. tergeminus 
populations among Pershing individuals. This distance-based phylogenetic analysis provides 
strong support that the Pershing population is much more closely related to S. c. tergeminus than 
S. c. catenatus.  
Additionally, calculated pairwise FST values (Table 2) among Pershing and S. c. 
tergeminus populations are much lower (FST=0.07) than between Pershing and S. c. catenatus 
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populations (FST
While the population as a whole is composed of S. c. tergeminus, there is one potential 
hybrid individual in the Pershing population. STRUCTURE assigned this individual a q1 value 
of 0.711 and a 0.442, 1.000 95%P.I. A q value less than 0.9 and a broad 95% confidence interval 
are typical for hybrid individuals in a STRUCTURE analysis (Trigo et. al, Beaumont et al. 2001; 
Nielsen et al. 2003). However, it is possible that the STRUCTURE analysis reflected a portion of 
this individual’s genome that is disproportionately related to S. c. catenatus compared to the 
individual’s genome as a whole. This possibility could be ruled out if an independent genetic 
study, which uses a different portion of this individual’s genome, yields results that give just as 
strong evidence for a hybrid individual as the STRUCTURE analysis provided. Without an 
independent genetic study, however, the genetic identity of this individual is left to speculation. 
=0.23). These values add to the evidence that the Pershing population is 
genetically most similar to S. c. tergeminus. When taken as a whole, the body of evidence I have 
provided overwhelmingly shows that the species identity of the Pershing population of 
massasaugas in north-central Missouri is Sistrurus catenatus tergeminus. 
 
Conservation implications: 
 The results presented here contradict Evans and Gloyd’s (1948) claim that the Pershing 
massasaugas were a hybrid population. My findings also contradict the current species 
designation by the USFWS that these snakes are S. c. catenatus (Szymanski 1998). To my 
knowledge, no published works have been done on the genetic identity of this population of 
massasaugas. Evans’ and Gloyd’s morphological work is the only published literature which 
tries to describe the species identity of this population of rattlesnakes. As discussed earlier, much 
of the literature written on possible hybrid reptile populations has been based on morphology, 
and this project is an example in which a genetic analysis reveals more than can be inferred from 
a morphological analysis. Therefore, this study also shows the value in using genetic analysis in 
species classification. 
The natural habitat of S. c. catenatus has been decimated throughout its range. This has 
caused S. c. catenatus to be restricted to a handful of fractured and highly isolated populations. 
Gibbs et al. (1997) showed high levels of genetic differentiation exist among these populations. 
These high levels of genetic differentiation are an indicator of low amounts of gene flow among 
these populations. This makes S. c. catenatus more susceptible to localized extinction due to the 
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possibility of a reduction in genetic diversity after a selection event or due to genetic drift. If the 
population is able to rebound after such an event, the genetic diversity will remain low due to the 
non-availability of new alleles in the population (Freeland 2005). Due to these concerns, S. c. 
catenatus is currently listed as endangered at the state-level throughout its range and is listed as a 
candidate specie for endangered species status by the US Fish and Wildlife Service (Moser 
2006). The habitat of S. c. tergeminus has not been degraded to the same extent as S. c. catenatus 
and this has resulted in greater numbers of S. c. tergeminus. Therefore, S. c. tergeminus is 
afforded no special protection at the state or federal level. As a result of reclassifying the 
Pershing population as S. c. tergeminus, these snakes no longer warrant the endangered status 
given to S. c. catenatus, and thus, one of the criteria for special protection of this population has 
been removed. Despite its new species identity, the Pershing population probably will remain 
under special protection by the state of Missouri due to the rarity of massasaugas in the state. I 
found that pairwise FST values among Pershing and Kansas S. c. tergeminus populations were 
significantly greater than pairwise FST
  
 values among the Kansas populations. I also found that 
when I ran STRUCTURE for values of K>2, Pershing was identified as a separate population 
(unpublished data not included in this study). These two observations confirm that the Pershing 
population is significantly differentiated from the Kansas populations due to its isolation. Since 
the Pershing massasaugas are an isolated population with no possibility of gene flow with other 
S. c. tergeminus populations, it remains at an increased risk for local extinction due to the 
reasons discussed above and still warrants local protection. However, while state-level protection 
probably will remain unchanged, the new classification of the Pershing population as S. c. 
tergeminus would make it ineligible to benefit from any federal status changes to S. c. catenatus. 
The role of the Mississippi River as a barrier to gene flow: 
The results of this research also suggest important evolutionary implications about the 
role of geographical barriers in genetic differentiation. By classifying the Pershing population as 
S. c. tergeminus, the range of S. c. catenatus is confined to east of the Mississippi River. Soltis et 
al. (2006) compiled a review detailing literature which looked into the possibility of 
phylogeographical barriers in unglaciated eastern North America. This review cited multiple 
sources of reptile and amphibian genetic discontinuity between eastern and western clades 
separated by geographical barriers such as the Mississippi River (Leache & Reeder 2002, 
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Burbrink 2002, Burbink et al. 2000, Moriarty & Cannatella 2004, Austin et al. 2004, Hoffman & 
Blouin 2004, Lawson 1987). My classification of the Pershing massasaugas as S. c. tergeminus 
adds evidence to the hypothesis that the Mississippi river can act as a phylogeographic barrier 
since the river now effectively creates a border which separates the two species. Soltis et al. 
(2006) only listed three studies which investigated phylogeographical barriers in snakes: 
Burbrink 2002 (Elaphe guttata), Burbink et al. 2000 (Elaphe obsolete), and Lawson 1987 
(Nerodia rhombifera and N. taxispilota, which did not use genetic techniques). None of these 
studies were on rattlesnakes; therefore, this study also helps to fill a literature gap which contains 
only the above few cases of snakes being subject to phylogeographic barriers. 
  
Limitations of the study: 
Many unanswered questions remain about the evolutionary and ecological dynamics of 
these Sistrurus populations. One question that needs to be addressed is the difference in the level 
of population structure among populations of S. c. tergeminus versus those of S. c. catenatus. 
Gibbs et al. (1997) showed high pairwise FST values among multiple S. c. catenatus populations 
(some less than two kilometers apart). Pairwise FST values and phylogenetic distance-based 
analyses from my project confirm a high degree of structure among populations of S. c. 
catenatus. However, my FST and phylogenetic analyses of S. c. tergeminus showed must less 
differentiation than has been observed in S. c. catenatus populations. A variety of possible 
reasons exist for this difference including the degree of continuous habitat for S. c. tergeminus 
versus the more fractured habitats of S. c. catenatus. This hypothesis is complicated by the 
relatively low FST values among the Pershing population, which is physically isolated, and the 
other Sistrurus c. tergeminus populations versus the much higher FST
In conclusion, the clustering analysis shows no evidence for hybridization and clusters 
the Pershing population strongly with the Sistrurus catenatus tergeminus populations. The 
phylogenetic and F
 values among S. c. 
catenatus populations with similar degrees of isolation. Therefore, a study that takes variables 
such as distance between populations, size of suitable habitat, effective population sizes, 
continuity of habitat between populations, and differences in habitat preferences between S. c. 
tergeminus and S. c. catenatus could help shed light on this issue. 
ST evidence show that the Pershing population is genetically most similar to 
S. c. tergeminus. This data demonstrates very strong evidence for classifying the Pershing 
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population of massasauga rattlesnakes as S. c. tergeminus. This population represents an example 
of using DNA-based genetic analyses to determine species identity in reptiles. The Pershing 
population was classified as a hybrid population based on morphology by Evans and Gloyd 
(1948) only to be refuted later by a hypothesis of a gradual variation in morphological 
characteristics between S. c. catenatus and S. c. tergeminus with the conclusion that the Pershing 
population belonged to S. c. catenatus (Szymanski 1998). By using microsatellite DNA that is 
not influenced by phenotypic polymorphisms and subjective criteria such as “general coloration” 
(Evans and Gloyd 1948), I convincingly have identified the Pershing population. As genetic 
techniques continue to be used in more studies on potential hybridization, scientists will surely 
find that the original ideas about many species’ identity and the relationships among these 
species will continue to be challenged and revised.  
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Figure 1: Map of the range and locals of the massasauga rattlesnakes (Sistrurus catenatus) 
sampled to determine the species identity of the Pershing massasaugas. The grey shading 
represents the range of Sistrurus catenatus catenatus and the black range is that of Sistrurus 
catenatus tergeminus. Stars are the locals from which massasaugas were collected. Black stars 
are populations of known Sistrurus catenatus catenatus and white stars are known Sistrurus 
catenatus tergeminus populations. 
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Figure 2: Graphical representation of STRUCTURE results for K=2 populations. The proportion 
of each massasauga’s genome attributed to Sistrurus catenatus catenatus is black, and the 
proportion of each massasauga’s genome attributed to Sistrurus catenatus tergeminus is grey. 
The individuals from the Pershing population strongly cluster with the Sistrurus catenatus 
tergeminus populations. This shows they are not hybrids since hybrids would be expected to 
have a greater proportion of black shading as well. This shows the Pershing population consists 
of Sistrurus catenatus tergeminus. 
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Figure 3: Graph of ln likelihood vs. number of MCMC repetitions for the STRUCTURE 
analysis performed to determine the species identity of the Pershing massasauga rattlesnakes 
(Sistrurus catenatus).  Since no major variations exist in the height of the line, it can be assumed 
that enough burn in and MCMC repetitions were preformed.  
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Figure 4: Neighbor-joining distance tree relating genetic distances of all n=166 massasaugas 
tested. Sistrurus catenatus tergeminus individuals are represented by green branches, Sistrurus 
catenatus catenatus individuals are represented by red brances, and the Pershing individuals are 
represented by purple brances. Massasaugas from Pershing clustered strongly with other western 
massasaugas. Note that several known western massasuagas are interspersed among the pershing 
population.  
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Figure 5: Majority consensus tree of 1000 bootstrapped neighbor-joining trees. Western 
massasauga (Sistrurus catenatus tergeminus) populations were Cheyenne, Russel, Ellsworth, and 
Squaw. Eastern massasauga (Sistrurus catenatus catenatus) populations were Illinois, Clark 
county, and Killdeer. The boot strap values show that the Pershing population grouped with 
western massasaugas in all 1000 distance trees. 
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Table 1: Inferred average clustering values (q-values) from STRUCTRE analysis for each 
population with the corresponding 95% probability interval. The four western massasauga 
Sistrurus catenatus tergeminus) populations clustered strongly and the three eastern massasauga 
(Sistrurus catenatus catenatus) populations clustered strongly. The Pershing population clustered 
with the western massasauga populations very strongly which is evidence that the Pershing 
population is composed of Sistrurus catenatus tergeminus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Population 
q=1 
(Western) 
95% probability interval 
Western 
q=2 
(Eastern) 
95% probability interval 
Eastern 
Cheyenne 0.997 0.966-1.000 0.003 0.000-0.034 
Ellsworth 0.996 0.964-1.000 0.004 0.000-0.036 
Russell 0.993 0.951-1.000 0.007 0.000-0.049 
Squaw 0.995 0.947-1.000 0.005 0.000-0.053 
Pershing 0.976 0.877-1.000 0.024 0.000-0.123 
Illinois 0.002 0.000-0.023 0.998 0.977-1.000 
SW Ohio 0.005 0.000-0.028 0.995 0.972-1.000 
Killdeer 0.005 0.000-0.056 0.995 0.943-1.000 
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Table 2: A.) The pairwise FST value between each population of massasauga rattlesnake is on 
the upper right of the diagonal and the corresponding P values with bonferoni correction are 
below and to the left of the diagonal. FST values are significant between each population except 
Russell and Cheyenne. This means that significant structure exists among all populations. B.) 
Average FST
 
 values among stated populations. The Pershing population was much less 
genetically differentiated from populations of Sistrurus catenatus tergeminus than from 
populations of Sistrurus catenatus catenatus. Also, less genetic structure exists among the 
Sistrurus catenatus tergeminus populations than the Sistrurus catenatus catenatus populations. 
 
 
A.) 
Population Cheyenne Ellsworth Illinois Killdeer Pershing 
Clark 
Co. Russell Squaw 
Cheyenne 0.00 0.02 0.25 0.18 0.07 0.29 0.00 0.04 
Ellsworth 0.0056 0.00 0.27 0.20 0.07 0.31 0.02 0.05 
Illinois 0.0028 0.0028 0.00 0.17 0.23 0.27 0.24 0.24 
Killdeer 0.0028 0.0028 0.0028 0.00 0.17 0.20 0.17 0.17 
Pershing 0.0028 0.0028 0.0028 0.0028 0.00 0.27 0.07 0.07 
Clark Co. 0.0028 0.0028 0.0028 0.0028 0.0028 0.00 0.28 0.28 
Russell 
not 
significant 0.0028 0.0028 0.0028 0.0028 0.0028 0.00 0.03 
Squaw 0.0028 0.0028 0.0028 0.0028 0.0028 0.0028 0.0028 0.00 
 
 
 
 
 
B.) 
S. c. tergeminus populations excluding Pershing: 0.03 
S. c. tergeminus populations including Pershing: 0.05 
S. c. catenatus populations:  0.21 
Pershing to S. c. tergeminus populations: 0.07 
Pershing to S. c. catenatus populations:  0.23 
 
